Context. The influence of stellar multiplicity on planet formation is not yet well determined. Most planets are found using indirect detection methods via the small radial velocity or photometric variations of the primary star. These indirect detection methods are not sensitive to wide stellar companions. High-resolution imaging is thus needed to identify potential (sub)stellar companions to these stars. Aims. In this study we aim to determine the (sub)stellar multiplicity status of exoplanet host stars, that were not previously investigated for stellar multiplicity in the literature. For systems with non-detections we provide detailed detection limits to make them accessible for further statistical analysis. Methods. For this purpose we have employed previously unpublished high-resolution imaging data taken with VLT/NACO in a wide variety of different scientific programs and publicly accessible in the ESO archive. We used astrometric and theoretical population synthesis to determine whether detected companion candidates are likely to be bound or are merely chance-projected background objects. Results. We provide detailed detection limits for 39 systems and investigate 29 previously unknown companion candidates around five systems. In addition, we show for the first time that the previously known companion candidate around HD 204313 is likely a background object. By comparison with secondary epochs of 2MASS data we show that the companion candidates around GJ176 and HD 40307, as well as two of the sources around HD 85390, are likely background objects. For HD 113538 and HD 190984, as well as multiple further companion candidates around HD 85390, further observational data is required to test common proper motion of the companion candidates.
Introduction
The past decade has seen a rapid growth of the number of known exoplanet systems. Today more than 1200 such systems are confirmed (exoplanet.eu, Schneider et al. 2011) . The overwhelming majority of these systems were discovered using two indirect detection methods: the radial velocity method and the transit method. The radial velocity method finds planets by detecting periodic Doppler shifts in their host stars' spectral lines, while the transit method searches for the periodic dimming of the host star due to the planet transiting in front of it. While both methods are sensitive to exoplanets within fractions of and up to a few au, they are mostly blind for stellar companions at wider separations. A large proportion of the stars in the Galaxy are part of multiple stellar systems. Raghavan et al. (2010) found that 46±2% of all solar type stars within 25 pc are members of stellar multiple systems. In fact, Roell et al. (2012) point out that the first evidence for an extrasolar planet was indeed found around the young binary star γ Cep by Campbell et al. (1988) . This planet was later confirmed by Hatzes et al. (2003) . It is thus desirable to understand the implications of stellar multiplicity on the planet formation process. Theoretical studies show that a stellar companion might truncate or stir the planet-forming disk (see e.g., Artymowicz & Lubow 1994 , Mayer et al. 2005 . For an extensive overview of the effects of stellar companions on disks, see Thebault & Haghighipour (2014) . In addition, stellar companions might influence the dynamics of formed planets, for example, by altering inclination and eccentricity of their orbits via mutual Kozai-Lidov type resonances (see e.g., Wu & Murray 2003) . To understand the dominant effects that stellar companions exercise on planetary systems it is necessary to study their stellar multiplicity. This can be done by high-resolution seeing or diffraction limited imaging. The number of such studies has been increasing in the past few years, such as Chauvin et al. (2006) , Eggenberger et al. (2007) , Ginski et al. (2012) , or more recently Lillo-Box et al. (2014) , Mugrauer & Ginski (2015) , Wöllert & Brandner (2015) , Ginski et al. (2016) , and Ngo et al. (2017) . These studies were carried out with telescopes in the 3 m to 8 m class -telescopes that are usually in high demand for a variety of science programs. It is thus necessary to make such surveys as efficient as possible. In particular, it is important that all available high-resolution imaging data of exoplanet host stars is analyzed and that detection limits are presented even in cases where no detection was made. This prevents inefficient re-observation of the same targets, and provides valuable statistical constraints on multiplicity of exoplanet hosts. The ESO archive offers a large amount of such data, which were taken with various scientific goals, sometimes even before the observed star was known to host an exoplanet. In this work we present our results of archival VLT/NaCo (Lenzen et al. 2003 , Rousset et al. 2003 data. In the follow-
Archival data description and reduction
We used a list of all confirmed exoplanet hosts detected by radial velocity and/or transit method compiled from exoplanet.eu (Schneider et al. 2011) as input for our search. In order to narrow down our sample size with restrictions based on observing with VLT/NaCo, we excluded all stars north of +30 degrees in declination. Then, we searched the VLT/NaCo archive for each system and excluded all systems that did not appear in the archive. For all systems with available archival data we checked for previous publications of this data that were: linked to the program in the ESO archive, listed at exoplanet.eu, listed in the SIMBAD database, or given in ADS for the specific target using the host star name given in the ESO archive as input.
The title and/or keywords of all recovered publications were then scanned for keywords such as "direct imaging", "lucky imaging", "high-contrast imaging" or "multiplicity study". If the retrieved VLT/NaCo archival data for each system was discovered to already be in publication, the system was subsequently removed from our target list. The remaining systems became our sample, consisting of 46 sets of observations comprising 39 stars with exoplanets.The observations ranged in wavelength from the H band to the L_prime band, as well as many narrow bands. Some of the images also used neutral density overlays. Six of the systems observed in the H band were done in spectral differential imaging (SDI) mode with a Wollaston Prism splitting the light into multiple narrow bands in the same wavelength range. In addition, two of the systems were imaged using angular differential imaging (ADI). We also searched for observations for these systems in other AO archives (Gemini, Keck), but there was no data available for this specific set. A summary of all observations is shown in Table A.1. We developed a Python pipeline utilizing PyFITS (Barrett & Bridgman 1999 ) to perform our own reduction and analysis of the images, including possible candidate detection limits. The pipeline takes in a set of images, both science and calibration images, and performs a reduction and combination of the images. During this process, it performs a median frequency filter to lessen striping effects. It then creates a normalized master flat field from the flat calibration images by combining them, averaging pixel-by-pixel, and dividing by the median value. After flat-fielding all the science frames, the pipeline creates a median sky field by combining each flat-fielded science image and taking the median pixel-by-pixel. Once it subtracts the median sky image from the science frames, the program shifts and adds the sky-subtracted images using cumulative offset header data to create one master reduced science image. For the six systems imaged with the SDI Wollason prism, we created a Python routine that performed the same flat-fielding as before, but it then split the four quadrants of the image into separate pieces. This Python routine then subtracted the median sky field and shifted them so the target star was in the center of the new, smaller image, before adding them together as one image. However, this routine does not use the full inherent capabilities of SDI Wollaston imaging, such as the on-feature and off-feature narrow bands used to detect emission features like methane found in relatively high abundances in exoplanetary atmospheres but are almost nonexistent in stellar atmospheres. Each of the remaining two systems imaged in ADI mode required a separate Python program. HD 98649 was also jittered, so after flat-fielding our routine shifted all the jittered images so the target star was centered in the image, and then derotated them by the parallactic angle. Finally, it subtracted the median sky value and added the images together. HD 40307 was imaged in ADI mode with multiple rotational offsets rather than jitters. Our Python program had to derotate by the telescope pointing angle first, before subtracting the median sky and finally derotating by the parallactic angle.
Detected companion candidates
From our 39 sample systems, we identified companion candidates (CCs) for six systems: GJ 176, HD 40307, HD 85390 (12 candidates), HD 113538 (12 candidates), HD 190984, and HD 204313 . We show the reduced images of these systems in Fig. 1 . In addition, we show close-up signal-to-noise ratio (S/N) maps of each companion candidate in the appendix. We searched through other observational archives that include high contrast imaging as well as survey data, including Keck, Gemini, Subaru, and 2MASS, but we only found suitable images for five candidates from another observing epoch in VLT/NaCo or 2MASS on which astrometry and photometry could be done: GJ 176, HD 40307, HD 85390 (two possible candidates), and HD 204313. The relevant 2MASS images are shown in Fig 2. 
Photometric measurements
For both the VLT/NaCo images and the 2MASS images we used the aperture photometry tool (APT, Laher et al. 2012) to measure the absolute difference in magnitude between the main target star and the companion candidate. In APT, we adjusted the inner aperture ring of the selection to include all of the main (bright) star, while also insuring that the outer ring was well into the background, and that the middle annulus contained all possible contamination sources. After APT calculated a magnitude for the main star, we then moved the aperture to the companion candidate and measured that magnitude, using the exact same selection. This gave us a magnitude for the companion candidate. We were interested in deriving the relative contrast between the candidates and the primary from the NaCo observations that could then be translated to absolute magnitudes from the 2MASS magnitudes of the primary star, the related spectral types, and the corresponding filter transmissions. These specific magnitudes were not calibrated to be exact, but the absolute difference in magnitude was correct, which was our interest. Once we calculated the absolute difference in magnitude, we then applied the 2MASS magnitude in the corresponding filter and calculated the true apparent magnitude for the candidate companion which we give in Table A .2.
Astrometric measurements and proper motion analysis
Using ESO MIDAS (Munich Image Data Analysis System, Banse et al. 1983 ) and a custom Python routine, we performed astrometry with sub-pixel accuracy to find the exact centers of both the main star and each analyzable companion candidate to calculate the separation in pixels and the position angle between the two stars. To find the exact centers, when applicable, we used the "center/Gauss" function in ESO MIDAS; otherwise, for images with a low S/N detection where a Gaussian cannot be fitted, we used the "center of mass" method in NumPy to find a less-accurate value for the star's center. The separation was then converted to arcseconds using the pixel scale of the images, which was found in the headers. To account for the uncertainty of this astrometric calibration we used typical calibration uncertainties for VLT/NACO as reported in Chauvin et al. (2010) and Ginski et al. (2014) . We find an average error for true north of 0.17 deg. For the pixel scale we find uncertainties of 0.04 mas/pixel for the S13 and SDI+ scale as well as 0.05 mas/pixel for the S27 scale. Values and 1-σ errors were calculated by center/Gauss and center of mass, and were propagated throughout the calculation. Results are shown in Table A .2 for VLT/NaCo and in Table 1 for 2MASS epochs. For the four companion candidates with two observing epochs we performed a common proper motion analysis. To determine the possible change in separation or position angle due to slow orbital motion, we used the distance measurements together with the separation in arcseconds to determine the physical separation in au if the companion was comoving, then calculated the period which the companion would rotate assuming that the physical separation measured is the semi-major axis of the orbit. We then extrapolated backward from the VLT/NaCo dataset to find an earlier position angle and separation of a comoving orbit, and then checked the values we obtained from the 2MASS dataset to determine whether the candidates are actual companions or just chance background stars. Further explanation of this common method can be found in, for example, Ginski et al. (2012) . The results are shown in Figs. 3, 4, 5, and 6. We expect near constant astrometric positions in both epochs for comoving objects (with potential slow orbital motion as described earlier), while background objects should show a behavior consistent with the "wobbled" lines. The periodic wobble is caused by the discussed parallactic displacement.
GJ 176
For the GJ 176 system (Fig. 3) , the 2MASS and NACO astrometric epochs are perfectly consistent with the companion candidate being a nonmoving background object.
HD 40307
While the position angle extracted from the 2MASS image for the HD 40307 system (Fig. 4) is consistent with a background object, the separation is in principle too large. This could be explained by the fact that in this case we used unsharp masking of the 2MASS image before extracting the astrometry, since the position of the faint companion candidate was strongly dominated by the bright halo of the primary star. For this purpose we convolved the original 2MASS image with a Gaussian kernel and then subtracted the resulting image from the original. While this allowed a clearer detection of the companion candidate it likely also oversubtracted flux in the direction of the primary star. This probably lead to a slight shift of the center of the faint source away from the primary star, and thus explains the slightly too large separation. In any case, neither the change of separation nor of position angle could be explained by slow orbital motion and is more consistent with a non-moving background object. We thus conclude that the companion candidate to HD 40307 is indeed a chance aligned background object.
HD 85390
In the case of HD 85390 system we identify the two brightest companion candidates (cc1 and cc2 in Fig. 1c ) in the 2MASS data (Fig. 2c) . The remaining ten candidates are presumably too close to the primary star to be resolved by 2MASS or too faint to be detected, or both. In Fig. 5 we show the common proper motion plots for these two companion candidates. Both candidates clearly show differential proper motion compared with HD 85390. For cc1 we find that the separation is in principle within 2 σ consistent with common proper motion and background hypothesis. However, in position angle we can rule out common proper motion of this companion candidate with > 5 σ. This companion candidate is thus most likely a background star with a non-zero proper motion. The second companion candidate of HD 85390 that we also detected in 2MASS (cc2) can also be ruled out as comoving companion based on the > 5 σ deviation between the NACO and 2MASS measurement in separation. We again conclude that this is most likely a background star with a non-zero proper motion. Finding multiple such background stars that are close enough to exhibit a proper motion of their own is not surprising given that HD 85390 is located in the direction of the galactic disk.
HD 204313
Finally, for the HD 204313 system (Fig. 6 ) the two astrometric epochs are neither consistent with common proper motion nor with a non-moving background object within 3 σ. Given that the deviation from both hypotheses is much larger than our astrometric error bars, we conclude that the most likely explanation is that the companion candidate is a background source with a non-zero proper motion. We can, however, exclude that the object is associated to the HD 204313 system.
Background probability of single epoch companion candidates
To assess the background probability of the companion candidates for which we only have one observation epoch, we followed the approach of Lillo-Box et al. (2014) . They estimate the probability of finding a background or foreground object within a certain separation of the host star to be density of background and foreground sources. We note that this equation can be interpreted only as probability for values of r such that P < 1. For larger values of r and P the above equation simply gives an estimate on the expected number of background sources within the separation r. To estimate ρ depending on the galactic latitude, host star brightness and contrast limit we utilized the TRILEGAL 1 population synthesis model (Girardi et al. 2005) . We used the default values as input and the initial mass function by Chabrier (2001) . Results are shown in Table  2 . We find that the companion candidates detected around the HD 113538 system as well as the HD 85390 system have a high probability to be background objects. Conversely, the background probability of the closest companion candidate around HD 190984 is low, making it a good candidate for 1 http://stev.oapd.inaf.it/cgi-bin/trilegal_1.6 
Detection limits
To enable us to find solid statistics on the multiplicity rate, we determined detection limits for all our studied targets. For the image analysis, the program goes through each image and creates multiple S/N maps. First, it takes a 9x9 box around each pixel and calculates the standard deviation of the box, saving that value in that pixel as the noise value. After performing this operation on every pixel, the pipeline divides the master reduced science image by the noise map. The program also finds the center of the main star in the image and averages the boxed noise values in rings of radius 1 pixel. This average value is saved in every pixel in the ring as a new noise map. Once the ring map is created, the program again divides the reduced science image by the new noise map. Finally, the pipeline also creates a circular noise pattern by calculating the standard deviation of the pixels in rings of radius 1 pixel, saving that value in each pixel. After creating the last two S/N maps, the program uses them to calculate detection limits. The Python pipeline takes a set of separations from the central star and calculates the difference in flux between the peak value and the signal-to-noise at each separation to calculate the magnitude detection limit at a confidence of 5σ, for both the ring-box noise map and the circular noise map. It also has an interpolation routine to calculate the magnitude for a possible companion candidate star of 0.1 M , given that it would be the same age and at the same distance as the main target star. We list input distances, ages and magnitudes for our calculation in Table A .3. We show the resulting detection limits for each system in Fig. C.4 . The detection limits are calculated out to the edge of the image closest to the star, which can reach out to 14.7 arcseconds for a star imaged in the center of the detector with 27 mas pixel scale. For some systems, there is a significant difference between the ring-box and the circular magnitude detections, but these were the systems with relatively worse seeing. In the case of the Wollaston-SDI images, the combination of multiple parts of the image stacked together has a short separation cutoff, usually around 2 arcseconds. In addition, we give mass detection limits for several separations in Table A .4 using the BT-SETTL isochrones for the mass J. Dietrich and C. Ginski: Archival VLT/NaCo multiplicity investigation of exoplanet host stars estimates (Allard et al. 2011 .
In the case of the HD 40307 system we used a different approach to determine the detection limits of the archival data set. This was necessary because the data was taken in the ADI imaging mode. While this enables a superior suppression of stellar speckles and thus in general much deeper detection limits close to the bright primary star, it also introduces a self-subtraction effect to all potential companion candidates. This is due to insufficient field rotation between individual exposures, and thus a slight overlap of the PSFs of sources around the primary star.
To take this effect into account we inserted fake companions into the data set. To this end, we used the unsaturated stellar PSF and scaled it to different flux levels. After insertion of the fake companions we reduced the data and create a ring S/N map as detailed earlier. We then determined the S/N of the inserted fake companions and repeat the process until we found the exact peak flux counts for a potential companion that will lead to a 5σ detection. This is done for various separations from the primary star. For each separation we inserted four fake companions at different position angles and used the average S/N of the four sources. The resulting magnitude detection limits for HD 40307 is shown in Fig. C .5, while the converted mass limits are also given in Table A .4. This procedure was not used for the HD 98649 system, since effectively no field rotation was achieved during the observations and the data set was thus collapsed in a non-ADI way.
Conclusions
In this study we have analyzed archival VLT/NaCo images of 39 exoplanet host stars to study their stellar multiplicity. We found previously unknown companion candidates around five of these stars. The companion candidate around GJ 176, the companion candidate around HD 40307, and the companion candidates #1 and #2 around HD 85390 were also detected in the 2MASS catalog. In addition, the companion candidate to HD 204313 was previously detected by Eggenberger et al. (2007) , also with VLT/NaCo. We found that the companion candidates to GJ 176 and HD 40307 are clearly background objects, while the analysis for the two far companion candidates to HD 85390 as well as the companion to HD 204313 are inconclusive but also most likely explained by background objects with a non-zero proper motion. For the closer companion candidates around HD 85390 as well as the companion candidates to HD 113538 and HD 190984, no suitable second observation epoch was found and follow up observations need to be performed to test if they are gravitationally bound to the primary stars. We used theoretical population synthesis tools to estimate the probability that these objects are unrelated background sources and found that this is indeed likely for all of these companion candidates, with the exception of the closest companion candidate to HD 190984. Given the ages of the systems, as well as their distances and the NaCo photometry of the companion candidates, we estimate that the bright objects around HD 113538 and HD 190984 would be on the border between stellar and brown dwarf, while the remaining companion candidates around HD 85390 and HD 113538 would be most likely brown dwarfs if indeed bound to the primary star. Bound stellar companions may have an influence on the orbit parameters of close in planets around the primary stellar component. We found that the closest companion candidate to HD 190984 has the highest probability of being an actual bound companion. We note that indeed the planet discovered around this star exhibits an eccentricity of 0.57 . Kozai-Lidov interactions with a potential stellar companion would be an explanation for this high eccentricity. Given the multiplicity rate of 12 % recovered by Roell et al. (2012) , we would have expected five new stellar companions in our sample of 39 stars. However, our sample is likely biased toward non-detections, since newly detected stellar companions probably have a higher chance of being published than nondetections. It is in principle still possible (but unlikely given our analysis) that we found five or more new companions pending follow-up observations of the mentioned companion candidates. We calculated detection limits for all stars in our sample. Due to the nature of our study, our sample is inhomogeneous in target properties as well as observation modes. This is reflected by the individual detection limits. On average we found a 5 σ con-trast limit of ∆ m ∼6.5 mag for 1 arcsec, and ∆ m >8 mag outside of 2.5 arcsec. This enables us to exclude ∼ 0.1 M companions outside of 2.5 arcsec around the majority of our target stars. Comparing to the literature we find that our detection limits are similar to those achieved in several recent studies, carried out with smaller (2 m class) telescopes (Law et al. 2014 , Ginski et al. 2016 , Ziegler et al. 2017 . However, our results are worse than previous VLT/NACO studies, for example, Eggenberger et al. (2007) find a K-band contrast limit of ∼8 mag at separations larger than 0.65 arcsec. We attribute this to the mentioned inhomogeneity of our data in terms of observation modes, but also observing conditions. Our study shows that archival data can contribute to determine the true stellar multiplicity rate of exoplanet host stars. While our study can be considered complete for all known exoplanet host stars observed with VLT/NaCo, there is of course a wealth of other instruments available that we did not consider. In particular, the Gemini, Keck and Subaru archives should be scanned in a similar way to ours. 
Table A.4: Main systems and mass limit (in solar masses) at intervals (in arcseconds) of 0.5, 1, 2.5, 5, and 10 (if possible).
System
Mass limit at 0.5" Mass limit at 1" Mass limit at 2. 
